Abstract Legume-maize rotation and maize nitrogen (N)-response trials were carried out simultaneously from 1998 to 2004 in two distinct agro-ecological environments of West Africa: the humid derived savannah (Ibadan) and the drier northern Guinea savannah (Zaria). In the N-response trial, maize was grown annually receiving urea N at 0, 30, 60, 90 and 120 kg N ha -1
. In Ibadan, maize production increased with N fertilization, but mean annual grain yield declined over the course of the trial. In Zaria, no response to N treatments was observed initially, and an increase in the phosphorus (P) and sulphur (S) fertilizer application rate was required to increase yield across treatments and obtain a response to N applications, stressing the importance of non-N fertilizers in the savannah. In the rotation trial, a 2-year natural fallowmaize rotation was compared with maize rotated with different legume types: green manure, forage, dualpurpose, and grain legumes. The cultivation of some legume types resulted in a greater annual maize production relative to the fallow-maize combination and corresponding treatments in the N-response trial, while there was no gain in maize yield with other legume types. Large differences in the residual effects from legumes and fallow were also observed between sites, indicting a need for site-specific land management recommendations. In Ibadan, cultivation of maize after the forage legume (Stylosanthes guianensis) achieved the highest yield. The natural fallow-maize rotation had improved soil characteristics (Bray-I P, exchangeable potassium, calcium and magnesium) at the end of the trial relative to legume-maize rotations, and natural fallow resulted in higher maize yields than the green manure legume (Pueraria phaseoloides). In Zaria, maize following dual-purpose soybean achieved the highest mean yield. At both sites, variation in aboveground N and P dynamics of the legume and fallow vegetation could only partly explain the different residual effects on maize.
Introduction
In large parts of the Guinea savannah of West Africa, crop yields are stagnating or declining due to shortening of the fallow periods between crop cultivations and low application rates of organic inputs and chemical fertilizers (Bationo et al. 1998; De Ridder et al. 2004) . Frequent cultivation of staple cereals, such as maize (Zea mays), millet (Pennisetum glaucum) and sorghum (Sorghum bicolor), has exacerbated problems of poor soil fertility and increased pest, disease and weed pressure. The inclusion of legumes in cereal-based rotations together with the appropriate use of nutrient inputs are considered to be the key to the rehabilitation and maintenance of soil fertility and productivity in intensifying cereal-based systems of the Guinea savannah (Giller 2001; Schulz et al. 2001) . Schulz et al. (2001) distinguished four types of legume technologies available for the Guinea savannah: green manure, forage, dual-purpose and grain legumes. Green manure legumes, such as Mucuna pruriens and Pueraria phaseoloides, can contribute large quantities of residual biomass and nitrogen (N) to the soil. Some species have the potential of fixing over 200 kg N ha -1 (Sanginga et al. 1996a, b; Muhr et al. 1999a ). The adoption of green manure technologies by farmers has remained limited, despite considerable efforts to promote them among farmers and evidence of their beneficial effects on soil fertility and cereal yields (Muhr et al. 1999b (Muhr et al. , 2002 Carsky et al. 2001) . This is likely related to a general reluctance of farmers to invest land, labour and seed in a technology that does not provide a quick economic return on investments (Schulz et al. 2001) . Forage legume species, such as Stylosanthes spp., can produce biomass yields of up to 20 t ha -1 year -1 in the savannah and provide high-quality animal feed (Tarawali 1994; Muhr et al. 1999a) . They can also contribute to soil fertility by providing carbon and nutrient inputs in the form of plant residues remaining in the field after harvest and as animal manure produced from the harvested forage (Mohamed Saleem and Otsyina 1986; Tarawali and Peters 1996) . The adoption of forage legumes in West Africa has been low among farmers, partially because of the aim of most livestock farmers is to achieve an acceptable survival rate of livestock over the dry season rather than maximum productivity (Thomas and Sumberg 1995; Sumberg 2002) . Grain legumes are bred to produce high yields of edible grains rather than a high N fixation or leafy biomass production. Therefore, their benefits in terms of soil fertility are generally less than those from green manure or forage legumes (Schulz et al. 2001; Sanginga 2003) . Nevertheless, roots, rhizodeposits and aboveground residues left after harvest contribute to soil organic C and N reserves. Dual-purpose (DP) legumes combine an acceptable production of leafy material, which can be used as animal feed, with the production of edible grains. Their harvest index is generally below that of grain legume varieties. Grain and DP legumes have the advantage of giving a rapid return to investments in the form of edible grains. Traditional and improved grain and DP varieties of groundnut (Arachis hypogaea), soybean (Glycine max) and cowpea (Vigna unguiculata) have been widely adopted throughout the savannah . Published evidence suggests that benefits derived from legume technologies and fallow to improve cereal yields and soil fertility in the savannah are ranked in the following order: green manure legume [ forage legume [ DP legume [ grain legume [ natural fallow (Schulz et al. 2001) .
Increases in the yield of cereal crops following the cultivation of legumes relative to those obtained with continuous cereal cropping have been frequently reported in the Guinea savannah (Muhr et al. 1999b; Alvey et al. 2001; Franke et al. 2004; Fofana et al. 2005) . Often the amount of N and sometimes phosphorus (P) available to cereals improves in legume-cereal rotations. Other soil chemical properties, such as pH, may also be favourably affected by the cultivation of legumes (Alvey et al. 2001; Sanginga 2003; Tian ?tul?> et al. 2005) . Rotations may affect soil microbial populations, arbuscular mycorrhizae and parasitic nematode populations (Bagayoko et al. 2000; Alvey et al. 2001 Alvey et al. , 2003 Marschner et al. 2004 ). However, it remains difficult to quantify to what extent changes in soil biota relate to variations in cereal yield. Legumes in cereal-based rotations can also reduce weed pressure; for example, that of the obnoxious weed Striga hermonthica (Carsky et al. 2000; Franke et al. 2006) .
Few medium-and long-term studies of the performance of legume-cereal rotations have been conducted in West Africa (Swift et al. 1994; Juo et al. 1995; Tian et al. 2005) . There is also little information from multi-site trials comparing the performance of legume-cereal rotations (Buerkert et al. 2002; Fofana et al. 2005 ). Such information is important for targeting legume technologies appropriate to different biophysical and socio-economic environments, which in turn enhances the likelihood that such technologies will be adopted by farmers. The trials reported here were conducted simultaneously over a period of 7 years (1998) (1999) (2000) (2001) (2002) (2003) (2004) in two distinct environments of the savannah: the relatively humid derived savannah and the drier northern Guinea savannah. The objectives of the trials were to evaluate the biomass, N and P dynamics, and yield in various legume technologies and a natural fallow rotated with maize and to compare these parameters with those obtained in continuous maize rotations receiving different amounts of N fertilizer. The effects of rotations on soil chemical properties were also analysed, and the relative benefits from different legume technologies and fallow with respect to improvements in soil fertility and subsequent cereal yield were examined.
Materials and methods

Experimental sites
Maize N-response trials and legume-maize rotation trials were conducted simultaneously in two environments of the Guinea savannah in Nigeria from 1998 to 2004. In the N-response trial, maize was grown annually at both locations receiving urea N at a rate of 0, 30, 60, 90 or 120 kg N ha -1 . The rotation trials were established adjacent to the N-response trials. A 2-year natural fallow-maize rotation was compared with maize rotated with different legume types: green manure, forage, DP and grain legumes. One site was located on the campus of the International Institute of Tropical Agriculture (IITA), Ibadan, southwest Nigeria, in the derived savannah zone (7°30 0 N, 3°54 0 E, 213 m a.s.l.). This site has a bi-modal rainfall pattern peaking in June and October with a long-term mean annual rainfall of 1290 mm and a growing period of 210-270 days. Outside of the growing period, it rains only occasionally. The soil type is a Plinthic Luvisol (FAO 1988) . Prior to the trial, the site was cropped with cereals between 1989 and 1994 and was under natural fallow from 1995 to 1997. The other site was located at the experimental Shika farm of Ahmadu Bello University/Institute for Agricultural Research in Zaria, Nigeria, in the northern Guinea savannah eco-zone (10°24 0 N, 7°42 0 E, 680 m a.s.l.). This site has a mono-modal rainfall distribution, an annual mean rainfall of 1050 mm and a growing season of 120-150 days. Rain outside the growing season is rare. The soil type is a Haplic Lixisol (FAO 1988) . The trial site was cropped with cereals from 1985 to 1994 with no or very small additions of chemical fertilizer and organic inputs and was under natural fallow from 1995 to 1997. Prior to trial establishment, the fallow vegetation at both sites was cut and burned. The trial sites were then disc-harrowed twice and ridged by tractor. All subsequent management operations were done manually. Rainfall was recorded daily at both sites.
N-response trial
The N-response trial was set up as a randomized complete block design (RCBD) with each block containing a full set of treatments and four repetitions at each location. Maize was cultivated annually from 1998 to 2004 on the plots (4.5 9 6 m). The treatments consisted of urea N applied at rates of 0, 30, 60, 90 or 120 kg N ha -1 . Phosphorus and potassium (K) were applied to all plots annually at rates of 17 kg P ha -1 as Triple Super Phosphate (TSP) and 33 kg K ha -1 as Muriate of Potash (Table 1) . In Zaria, poor responses to increasing N rates were observed in 1998-2001. A pot trial indicated that, in addition to a N deficiency, maize growth was limited by deficiencies of P and sulphur (S) (Schulz et al. 2002) . Therefore, from 2002, P applications in Zaria were increased to 40 kg P ha -1 , of which 20 kg P was applied as TSP and 20 kg P as Single Super Phosphate (SSP); SSP also added 28 kg S ha -1 (Table 1) . Prior to planting, weeds and residual biomass were cut and incorporated into the soil during ploughing (Ibadan) or ridging (Zaria). The maize varieties were TZL Comp. 4 (Ibadan) and TZL Comp. 1 (Zaria). Both are open-pollinated, long-duration varieties recommended for the respective local biophysical environments. Following common practices, maize was grown on ridges in Zaria and on flat land following land preparation in Ibadan. Planting was done at 0.75-m row spacing with an intra-row distance of 0.25 m (approx. 53,333 plants ha -1 ). Depending on weather conditions, the exact planting and harvesting dates varied among years and locations (Table 2 ). Gap filling in maize stands was done 10 days after planting; hoe-weeding was done in the second and fifth week after planting (WAP). All fertilizers were broadcast before land preparation, except for urea N, which was spot-applied-50% after the first weeding and 50% after the second weeding. During harvest, all aboveground maize parts were removed from the plots.
Yield was determined from the four centre rows, each 5 m long, discarding 0.5 m at both ends of the plot. Cobs were removed from the harvested plants and shelled, and the total fresh weight of stalks, empty spindles and grain was measured. Dry matter content was determined from representative subsamples of grain, stalks and empty spindles. These were weighed, dried in a forced-air oven at 60°C for 72 h and reweighed. The combined dry matter of stalks and empty spindles will be referred to as 'maize stover' hereafter. The experimental layout of the rotation trial was a RCBD with a split-plot design and four replications at each site. The main-plot treatments (9 9 6 m) were 2-year rotations. Natural fallow, green manure legumes, forage legumes, long-duration DP legumes and short-duration grain legumes were rotated with maize (Table 3) . Legume species and varieties were selected on the basis of previously conducted screening trials (Muhr et al. 1999a; Tarawali 1994) . As green manure legume, Pueraria phaseoloides was grown in Ibadan and Aeschynomene histrix in Zaria.
As forage legume, Stylosanthes guianensis was grown at both locations. As DP legume, a long-duration soybean cultivar (TGx-1864, approx. 120 days) was chosen, while the grain legume treatment involved sequential double cropping of short-duration cowpea (var. IT-90K-284-2, approx. 60 days), followed by short-duration soybean (TGx-1485-1 D, approx. 85 days), both grown in a single season. The natural fallow established itself after maize harvest and was left undisturbed until subsequent maize planting, approximately 18 months later (Table 2 ). Green manure legumes and S. guianensis were relayed into maize 8 weeks after maize planting (Table 2) . After maize harvest, the young legume plants tolerated the dry season and continued growing in the following rainy season. Green manure legumes remained in the field undisturbed until land preparations for subsequent maize planting had been carried out. Stylosanthes guianensis foliage was harvested at the end of the rainy season. The DP soybean and grain legumes were planted during the rainy season of 1999, 2001 and 2003 and harvested when fully mature. Grain soybean was planted directly after grain cowpea harvest.
Legumes and fallow did not receive any N fertilizer, while P and K application rates were similar to those in the maize trial (i.e. 17 kg P ha -1 and 33 kg K ha -1 , increased to 40 kg P ha -1 and 28 kg S ha -1 in Zaria in 2003) ( Table 1 ). The fertilizer provided in the fallow and legumes was broadcast at the beginning of the rainy season in 1999, 2001 and 2003. Seeds of green manure legumes and S. guianensis were planted between the maize rows at a rate of 8-10 kg seed ha -1 . Stylosanthes guianensis and A. histrix seeds were scarified prior to planting using a hot water treatment (Tarawali et al. 1995) . The DP soybean and grain legumes were planted on flat land in Ibadan and on ridges in Zaria at a row distance of 0.50 m and an intra-row distance of 0.15 m.
Field management in the rotation trial in years when maize was grown (1998, 2000, 2002 and 2004) was similar to that in the N-response trial, using the same varieties, crop management, and planting and harvest dates (Table 2) . Urea N application rates, however, were different (Table 1 ). In 1998, the establishment year, maize was grown without N application. From 2000, main plots were split in two subplots (4.5 9 6 m) that received urea N or not. In 2000, urea N was applied in subplots at 0 or 30 kg N ha -1 ; in 2002 and 2004, the rate applied in subplots was increased to 60 kg N ha -1 to enhance the N treatment effects. The application rates and methodology used for P and K were similar to those in the N-response trial. As in the N-response trial, P and S application rates in Zaria were increased to 40 kg P ha -1 and 28 kg S ha -1 from 2002 (Table 1) .
Rotation trial: harvest procedures
The yield of maize grain and stover in the rotation trial was determined at maturity in each subplot in a similar way as in the N-response trial. Aboveground biomass production of the natural fallow, green manure legume and S. guianensis was measured at the end of the rainy season in 1999, 2001 and 2003. Biomass yield was measured in two 1-m 2 quadrats in each subplot. Total fresh biomass was weighed, and dry matter content was determined from sub-samples that were dried in a forced air oven at 60°C for 72 h. The remaining fresh biomass of the natural fallow and the green manure legume was returned to the plots. Grain and foliage production in DP soybean and grain legumes was assessed at crop maturity. Total fresh grain and foliage yield was measured in each subplot from four 5-m-long centre rows, discarding 0.5 m at both ends of the row. Dry matter content was determined from representative subsamples. In 2004, prior to preparing the land for maize planting, total aboveground biomass was measured in two 1-m 2 quadrats in each subplot, and dry weight was determined from sub-samples. Species composition of the natural fallow vegetation was monitored at the end of the dry season before maize planting.
Rotation trial: foliage and manure handling
Foliage produced by S. guianensis and DP soybean, including empty soybean pods, was bulked for each location at harvest. This foliage was fed over the subsequent dry season to N'Dama steers, kept in pens with concrete floors in Ibadan. The animals were conditioned with similar feed for 1 week prior to being fed with the experimental fodder. Pens were cleaned daily, and feed leftovers were mixed with faeces and urine. The manure was stored in bags under a roof for 2-3 months, until the onset of the subsequent cropping season. The manure was then applied to the respective plots in quantities corresponding to the foliage biomass produced in each plot. In Ibadan, manure was spread over the surface and incorporated into the soil during ploughing. In Zaria, manure was applied in the furrows of the old ridges and incorporated when new ridges were made. In other treatments (fallow, green manure and grain legumes), all foliage remained in the field after harvest. Plant biomass was incorporated into the soil during ploughing or ridging prior to maize planting. To facilitate its incorporation, plant biomass was sometimes partially burned, primarily to reduce the biomass of the natural fallow vegetation.
Rotation trial: plant and soil analyses
Total N and P concentrations in plant samples (maize grain and stover from 2004 combined, fallow biomass and legume foliage and edible grains sampled in 2003, weeds and legume residues sampled prior to maize planting in 2004), were determined using hot acid digestion (Novozamsky et al. 1983) followed by colorimetric analysis (Murphy and Rilly 1962; Searle 1984) . The N and P concentrations in foliage that served as cattle feed and those of manure applied in the field were measured in seasons when manure was produced using the same analytical methods. Initial soil conditions (depth 0-0.15 m) were assessed at both sites in 1998 (Schulz et al. 2002) . In 2005, before the start of planting operations, soil samples (depth 0-0.12 m and 0.12-0.24 m) were taken in the rotation trial using a soil auger 22.5 mm in diameter. In each subplot, 12 samples were combined to one composite sample for analyses. pH (H 2 O, 1:1 soil to H 2 O ratio), organic C (Walkley-Black method), total N (macro-Kjeldahl method), Bray-I available P and exchangeable K, calcium (Ca) and magnesium (Mg) were analysed by IITA's analytical services lab (IITA 1981) .
Data handling
Maize and legume yield, plant N and P concentration and content, and soil parameters were statistically analysed year-by-year using the mixed model procedure (Litell et al. 1996; SAS Institute 1999) . Since biophysical conditions and varieties differed between sites, results from each site were analysed separately. In the N-response trial, N application was treated as a fixed effect and replicate as a random effect. Longterm trends in the N-response trial were analysed using the repeated-measurements procedure (Litell et al. 1996) . In the rotation trial, fixed effects of the mixed model were N application nested within rotation, and replicate was a random effect. As treatments in the rotation trial represented different legume crops and a fallow, only differences between N levels were statistically tested in parameters associated with legumes and fallow. These were insignificant and, therefore, legume and fallow data are presented as the mean of both N levels (Fig 2;  Tables 6 and 7) . Similarly, analyses of soil characteristics showed no differences between N application rates and are therefore presented as the mean of both N levels (Table 10) . Variation between treatments was considered to be significant at a confidence level of P \ 0.05. Variability of the means is given as the standard error of the means (SE), presented as y-error bars in Fig 2. Soil nutrient and C concentrations from the 2005 samples were converted to a soil mass basis with a soil reference mass of 2200 t ha -1 , representing a soil layer approximately 0.16 m thick (Ellert and Bettany 1995) . Maize and legume grain yield was converted to 12% moisture.
Results
Rainfall
Total rainfall in Ibadan was well below average in 1998 (Fig. 1a) . The seasons in 2003 and 2004 also differed from average with abnormal dry periods in the middle of the growing season. In Zaria, total rainfall was well below average in 1999, while in 1998 the rains came late, causing a drought period directly after maize planting (Fig. 1b) . Rainfall conditions are referred to later in this paper in discussing differences in crop performance.
N-response trial
In Ibadan, maize grain yield in the N-response trial showed a significant, positive response to increasing N rates in 1998-2002, but not in 2003-2004 (Table 4) . This decrease in yield response was either related to a decreasing capacity of the soil make applied N available for plant uptake or to factors other than N availability that limited maize yield. In Zaria, from 1998 to 2001, grain yield was not affected by N application (Table 4) . After an increase in the P and S application rates, average grain yield across treatments increased from 1.7 Mg ha 
Rotation trial
Rotation trial: maize grain yield
In 1998, when maize in the rotation trial was grown without urea-N, mean grain yield was 3.6 (SE 0.24) Mg ha (Table 5) . Across years, the highest yield in Ibadan was achieved by maize following S. guianensis (forage legume) cultivation. In particular, at 0 N at the end of the trial (2004), the yield difference between maize after S. guianensis and maize in other rotations was large, which suggests that S. guianensis was more effective in enhancing soil fertility over the course of ) and the average yield increase in treatments of the rotation trial with the same fertilizer treatments as those in the N-response trial and in the same years In these latter years, maize after fallow achieved greater yields than maize after P. phaseoloides cultivation. Maize yields were lower following the cultivation of DP soybean and grain legumes. In comparison with the same treatments in the N-response trial, the cultivation of DP soybean or grain legumes did not result in an increase in maize yield, while large gains were achieved by maize after P. phaseoloides, fallow and S. guianensis (Table 5 ). In Zaria, maize grain yield was significantly affected by rotation in 2000-2004 and by N level in 2002-2004 (Table 5 ). As in the N-response trial, the increase in P and S fertilization rate from 2002 had a strong impact on yield and the response to urea-N. Maize cultivation after DP soybean enrichment achieved the highest mean grain yield across N levels, with an outstanding yield in 2000. Maize yield steadily increased over the course of the trial in the DP soybean and A. histrix treatments and more strongly in the S. guianensis treatment. This is probably due to the increase in P and S fertilization rates and treatment effects. In plots receiving urea-N, differences in grain yield between the legume-maize rotations were smaller than those in the 0 N treatments in 2002 and 2004, possibly because additional urea-N applications may have masked differences in soil N supply between rotations. Maize yield after fallow was below that of maize after legume cultivation and also below that of the treatments in the N-response trial at the same N rates. Grain yields in the legume-maize rotations were all higher than in the corresponding treatments in the N-response trial.
Rotation trial: fallow and legume biomass production At both sites, the forage legume S. guianensis produced the highest mean biomass yield at the end of the rainy season compared to the other legumes and the natural fallow, varying between 12 and 18 Mg ha -1 in 1999-2003 (Fig. 2a, b) . Part of the S. guianensis biomass, i.e. 6-14 Mg ha -1 , was fed to cattle, while the remainder was left in the field. Cattle rejected the hard, lignified stems of S. guianensis harvested in 1999. Subsequently, only green plant parts were used as animal feed, resulting in a larger proportion of biomass being left in the field.
The fallow vegetation in Ibadan was dominated by
Panicum maximum, mixed with Chromolaena odorata, Trichoplusia subcordata, Momordica charantia and other weeds. Biomass production of the fallow and P. phaseoloides vegetation at the end of the rainy season strongly varied from year to year in Ibadan (Fig. 2a) . In 1999, the poor biomass production in both treatments could be related to poor rainfall conditions during establishment in 1998 (Fig 1a;  Table 3 ). However, no relation between rainfall and biomass production could be established in other years. Field observations suggested a negative effect of leaf-eating beetles and grasshoppers on P. phaseoloides biomass production. The DP soybean crop in Ibadan suffered from several diseases, which increased in intensity over time and negatively affected foliage and grain production. In 2003, these included soybean rust (Phakopsora pachyrhizi), bacterial blight (Pseudomonas syringae pv. Glycinea) and soybean mosaic virus (Potyvirus spp.). Cowpea and grain soybean suffered less from diseases than DP soybean, possibly because of differences in planting time, growing period or crop variety. Consequently, the accumulated yield of the consecutive cultivations of cowpea and soybean in the grain legumes treatment was higher than that of the longduration soybean of the DP soybean treatment.
In Zaria, the fallow vegetation mostly contained Pennisetum pedicellatum and Indigofera spp. mixed with Piliostigma polystachion, Acacia nilotica and other weeds. Total biomass of the fallow vegetation was stable over the years, at 7-8 Mg ha -1 (Fig 2b) . Biomass production of A. histrix was highest in 2001, possibly as a result of favourable rainfall conditions during establishment (2000) and the main growing season (2001) (Fig. 1b; Table 3 ). Grain yield of DP soybean varied between 1.1 and 2.2 Mg ha -1 , and foliage yields for cattle feed varied between 2.7 and 4.0 Mg ha -1 . The combined aboveground biomass production in the intensive grain legumes treatment was approximately similar to that of DP soybean. Legume disease pressure in Zaria was low.
Rotation trial: dry season production
Over the 2003-2004 dry season, in Ibadan, the fallow vegetation produced large amounts of biomass, as shown by the difference in biomass in the field between the start and the end of the dry season (Table 6 ). The biomass of the P. phaseoloides stand (green manure) was slightly reduced over the dry season. Moreover, the non-leguminous weed Panicum maximum competed with the crop and replaced some of the P. phaseoloides biomass. Residual biomass after harvest of DP soybean and grain soybean was small, but weeds produced some biomass over the dry season.
In Zaria, biomass in the fallow, A. histrix (green manure) and S. guianensis plots increased over the 2003-2004 dry season (Table 6) . Aeschynomene histrix and S. guianensis are both drought-tolerant crops that can maintain growth well into the dry season. Residual biomass following DP soybean and grain legume cultivation at the end of the dry season was very low. Weeds grew little in Zaria after the harvest of edible legumes during the dry season and the soil remained mostly bare. Unlike the emerging weeds, the deep-rooted S. guianensis increased in biomass in Zaria over the dry season. Stylosanthes guianensis biomass did not increase during the dry season in Ibadan, which was probably related to the difference in the harvest method between the two locations. In Ibadan, all aboveground foliage was A . h i s t r i x -1 9 9 9 2 0 0 1 2 0 0 3 S . g u i a n e n s i s -1 9 9 9 2 0 0 1 2 0 0 3 D P s o y b e a n -1 9 9 9 2 0 0 1 2 0 0 3 G r a i n l e g u m e s -1 9 9 9 2 0 0 1 2 0 0 3 harvested, and the lignified parts, unpalatable for cattle, were separated from the green parts and returned to the field. These were partly lost over the dry season. In Zaria, only the green parts of S. guianensis were harvested, leaving the lignified stems intact. These continued to grow in the dry season.
Rotation trial: N and P dynamics of legumes and fallow
The accumulation of N and P in the aboveground biomass of S. guianensis at the 2003 harvest was large at both sites (Table 7) . These nutrients were partly exported as cattle feed. The fallow and green manure vegetation remained in the field. In the DP soybean treatment in Zaria and the grain legume treatment at both sites, most of the nutrients were exported in grain (71-80% of total N and 67-77% of total P in aboveground parts). The N and P in the foliage were either removed in cattle feed (DP soybean) or left in the field (grain legumes). Biomass production of DP soybean and the associated nutrient removal were low at the Ibadan site. Changes in plant N and P content over the 2003-2004 dry season (Table 7) generally reflected the changes in aboveground biomass in that period (Table 6 ). At the start of the dry season in 2003, N content of the fallow vegetation was low at both sites but increased over the dry season at both sites, while P content increased only at the Ibadan site. Before land preparation in 2004, the natural fallow contained more N and P than the green manure and the other treatments. In Ibadan, the N and P content of P. phaseoloides and S. guianensis in the field at the beginning of the dry season was high but decreased over the dry season. Residual N and P in the field after harvest of DP soybean and grain legumes was low but increased in Ibadan over the dry season through the uptake by weeds. In Zaria, A. histrix N content at the start of the dry season was modest for a green manure crop, but it slightly increased over the dry season. Stylosanthes guianensis also accumulated N over the dry season in Zaria. The P content of A. histrix and S. guianensis grown in Zaria remained more or less stable over the dry season. Plant N and P remaining in the field after harvest of DP soybean and grain legumes disappeared almost entirely over the dry season in Zaria.
Rotation trial: manure production and forage digestibility At both sites, large quantities of S. guianensis foliage fed to cattle led to high manure production (Table 8) . Between 3.6 and 7.1 Mg ha -1 of manure dry matter, containing 60-130 kg N and 9-26 kg P, was applied to maize rotated with S. guianensis. Manure produced from the smaller quantity of DP soybean foliage, and the associated N and P content, were less: 1.2-1.8 Mg dry matter ha -1 , containing 17-29 kg N and 3-5 kg P. The manure included faeces mixed with feed refusals and urine. The nutrient concentration in manure varied across treatments and sites between 1.15 and 2.13% N and 0.18 and 0.41% P. Mean recovery in the manure was 47% of the dry matter, 55% of the N and 90% of the P for the S. guianensis feed. Mean recovery in manure of the soybean residues fed to cattle were 55% of the dry matter, 61% of N and 116% of P. Nitrogen recoveries were high, but within the range found in other studies in Africa (Dada et al. 1999; Rufino et al. 2006 ). These high recoveries may have been the result of careful forage and manure handling. Phosphorus recoveries were rather variable and sometimes above 100%. It is possible that salt licks available to the cattle before the start of the feeding trial contained P that was excreted during the trial. Recoveries were higher in rotations with DP soybean than in those with S. guianensis, which was possibly associated with the loss of fragile S. guianensis leaves during transport and the preparation of foliage before feeding. An alternative explanation could be that cattle digested and metabolized S. guianensis foliage better than soybean foliage. This is, however, not supported by the higher content of lignin and of acid and neutral detergent fibre reported for S. guianensis compared to those for soybean foliage (Mani et al. 1994; Dada et al. 1999 ).
Rotation trial: maize N and P concentration and uptake
In 2004, the concentration of N in aboveground maize biomass was significantly affected by rotation only in Zaria (Table 9 ), while N uptake by maize was affected by rotation at both sites and by N rate in Ibadan. At both sites, N uptake was positively correlated to biomass production. In Ibadan, N uptake was relatively high after S. guianensis cultivation and lower following the cultivation of DP soybean and grain legumes. As expected, urea-N applications resulted in a higher N uptake in Ibadan. In Zaria, N concentration and uptake in 0 N treatment was highest after S. guianensis, followed by the rotation with DP soybean; it was the lowest after fallow. In the 60 N treatment, differences in N concentration and uptake among the different legume-maize rotations were small. Phosphorus concentration and uptake in 2004 were significantly affected by rotation at both sites ( Table 9 ). Application of urea-N resulted in significantly higher P uptake only in Ibadan. In Ibadan, P concentration and uptake were increased after fallow. Differences in P concentration among rotations with legumes were small, while differences in P uptake primarily reflected variations in biomass accumulation. In Zaria, the P concentration was also higher following fallow, but P uptake was not, and it was lower in maize after fallow at 0 N than in the other treatments. Maize P concentration and uptake were lower in the grain legumes treatment than in the other rotations with legumes, especially at 0 N. Differences in P concentration and uptake between DP soybean, A. Histrix and S. guianensis treatments were small in Zaria.
Rotation trial: soil characteristics
At the start of the trial, the soil at a depth of 0-15 cm in Ibadan consisted of 80% sand, 9% silt and 11% clay and had a N-Kjeldahl concentration of 0.10%, a soil organic C content of 7.0 g kg -1 and a Bray-I P content of 13.2 mg kg -1 ; it was therefore classified as moderately fertile. In Zaria, this layer consisted of 37% sand, 38% silt and 25% clay. The high clay and silt content made the soil surface prone to crusting. The soil had a N-Kjelldahl concentration of 0.06%, an organic C content of 5.2 g kg -1 and a Bray-I P content of 3.4 mg kg -1 ; it was therefore classified as poorly fertile.
Before planting in 2005, the soil organic C and soil C/N ratio were higher in the fallow-maize plots at both sites relative to the other rotations (Table 10) . However, this increase was insignificant due to the high variability within rotations. Burning fallow vegetation before maize planting may have resulted in inert C formation in the soil, thereby enhancing the organic C and C/N ratios. In Ibadan, pH, Bray-I P and the exchangeable cations K, Ca and Mg were all higher in the fallow-maize rotation than in the other rotations; the exchangeable Ca and Mg values were especially much greater. The Bray-I P content in the grain legume-maize rotation in Ibadan was lower than that in the other rotations. In Zaria, the Bray-I P content was significantly higher in the fallow-maize rotation than in the other rotations. Exchangeable K and Ca were significantly affected by rotation, with high levels in the fallow-maize rotation (though not significantly higher than that in most other rotations) and low levels in the DP soybean-maize rotation.
Discussion
In the N-response trial, in Ibadan, maize grain yield and the response to urea N applications declined in the course of the trial. In Zaria, higher P and S fertilizer rates in 2002 resulted in dramatically higher grain yields across N treatments, and the response to urea-N applications, and maize yields in 1998-2001 appeared primarily to be limited by P and/or S deficiencies. The poor soil P status in Zaria, a common feature of many savannah soils (Uyovbisere and Lombin 1991; Buerkert et al. 2001; Vanlauwe et al. 2002) , was confirmed by the low soil Bray-I P at the start of the experiment. Sulphur deficiencies in cereals have also been reported in the savannah, especially in the drier, intensively farmed areas (Kang et al. 1981; Friesen 1991; Ojeniyi and Kayode 1993) . In Zaria, over the period 2002-2004, mean grain yield declined in all N treatments, despite substantial P and S applications. Hence, fertilizer application at rates well above those generally applied by farmers (Bationo et al. 1998; Chianu and Tsujii 2004) appeared to be insufficient to sustain yield in continuous maize systems at both sites, which is in agreement with earlier observations (Jones 1971; Juo et al. 1995; Agbenin and Goladi 1997; Tian et al. 2005; Vanlauwe et al. 2005) . Many factors may have contributed to this decline, such as a deterioration of the soil physical and chemical properties due to soil acidification, reduced soil organic matter content, soil compaction, increasing shortages of nutrients or rising biotic pressures. In the rotation trial, the cultivation of certain legume types led to greater maize production relative to that found in the fallow-maize rotation and the corresponding treatments in the N-response trial. However, other legume treatments produced no gain in maize yield. Large differences in residual effects from legumes and fallow were also observed between the derived savannah and the northern Guinea savannah, stressing the need for site-specific land management recommendations.
The cultivation of legumes and the fallow treatment affected the availability of N and P to maize, which are factors explaining at least part of the variation in maize yield between treatments. Changes in N and P availability were driven by factors such as N fixation by legumes, the export of N and P from the field during harvest, the carry-over of N and P over the dry season, nutrient losses during vegetation burning before planting, and the form in which N and P was present in the soil. Total legume N content at harvest (Table 7 ) may serve as an indicator for N fixation in the preceding period. The proportion of N derived from the atmosphere may be around 80% for green manure and forage legumes in the savannah (Sanginga et al. 1996a; Chikowo et al. 2006) . In a sub-experiment of the rotation trial at both sites in 2005 in which the isotope dilution technique was used, we found that 80% of the N in DP soybean treatment was derived from the atmosphere (Laberge et al. in preparation) . This is within the range for cowpea and soybean (between 25 and 80%) reported by other studies (Okereke and Eaglesham 1993; Sanginga et al. 1997; Okogun et al. 2005; Chikowo et al. 2006 ). Furthermore, medium-and long-duration grain legumes derive a greater proportion of their N from the atmosphere than short-duration varieties (Sanginga et al. 1997; Singh et al. 2003) .
Fallow vegetation produced well and accumulated N in the 2003-2004 dry season at both sites (Tables 6  and 7) , as also observed by Muhr et al. (1999a) in the derived savannah. Although some legume species were found in the fallow vegetation, it is unlikely that fixation by legumes greatly contributed to this increase in N content. In Ibadan, soil characteristics in the upper layer of the fallow-maize rotation were improved relative to the other rotations in terms of Bray-I P and exchangeable Ca, Mg and K (Table 10) . It is possible that the natural fallow vegetation retrieved N, P and cations from lower soil layers that were inaccessible to the more shallowly rooting legumes. No data on root architecture or soil properties below a soil depth of 0.24 m were collected to confirm this. Vanlauwe et al. (2005) found evidence of cation recycling by Senna siamea trees from lower soil layers and of an effect on soil properties in the top layer in a nearby agroforestry trial in Ibadan. While most of the aboveground N in the fallow vegetation of the current trial was probably lost when the fallow vegetation was partially burned, P and cations in the burned vegetation may have become readily available for plant uptake. The favourable soil properties in the fallow-maize rotation probably contributed to the high maize yield (Table 5 ) and the increased maize P concentration and uptake (Table 10) relative to the legume-maize rotations. In Zaria, N deficiencies probably limited the yield of maize after fallow, as indicated by the strong response to urea-N applications and the low maize N concentrations (Table 9) . A high N uptake by the fallow vegetation and the subsequent loss of N during burning may have contributed to N shortages in this rotation. Phosphorus availability was unlikely to limit maize yield, as indicated by the high maize P concentration (Table 9 ) and soil Bray-I P content (Table 10 ). In contrast to the derived savannah of Ibadan, an 18-month fallow period in the northern Guinea savannah was inadequate for maintaining soil fertility and maize productivity.
Pueraria phaseoloides biomass production in Ibadan was high, and a high N content at harvest in 2003 suggested a good N fixation. However, maize yield in 2002-2004 and various soil properties (Bray-I P and exchangeable Ca, Mg and K) at the end of the trial were more favourable in the fallow-maize rotation than in P. phaseoloides-maize rotation. The cultivation of a green manure crop requires investments in labour and seed, while the advantages of P. phaseoloides compared to the natural fallow were not evident. Hence, the use of P. phaseoloides-and green manure legumes in general-to improve soil fertility and cereal yields in the Guinea savannah should be recommended with caution. In contrast to our results, higher yields of cereals after green manure crops, in comparison with fallow-cereal rotations, have been reported in the derived savannah by others Tian et al. 2005) , which may be explained by differences in yieldlimiting factors. Indigenous soil N supply in Ibadan was high, as indicated by the sustained maize yield in the non-fertilized treatment in the N-response trial. On severely N deficient soils, the N-fixing abilities of P. phaseoloides may result in a higher maize yield than that obtained in the fallow-maize rotation. The ability of green manures to suppress weeds may also result in a cereal yield advantage, relative to a natural fallow, on lands severely infested by weeds. The production of the green manure A. histrix in Zaria was acceptable. Despite some A. histrix growth and N accumulation over the dry season (Tables 6 and 7) , its N accumulation seemed to be modest for a green manure legume. The yield of maize after A. histrix cultivation was well above that after fallow, but the anticipated advantage of A. histrix as a green manure legume over other legume technologies in terms of improving soil fertility and maize yields was not obvious.
The biomass production and aboveground N content of S. guianensis were high, suggesting adequate N fixation at both sites. Despite N losses during cattle feeding, the residual effects of manure applications (Table 8 ) and S. guianensis plant residues (Table 7) were substantial, leading to high maize yields. Also, N concentration and N uptake of maize after S. guianensis cultivation were high, especially in Ibadan. Thus, S. guianensis showed a potential to provide animal feed and increase cereal yields in both agro-ecological zones. The importance of livestock production and the scarcity of suitable feed sources during the dry season in the northern Guinea savannah indicate a higher adoption potential of S. guianensis in this zone.
The performance of DP soybean in Ibadan was negatively affected by diseases in 2001 and 2003. Susceptibility to diseases thus forms a major constraint for expanding long-duration soybean in the agro-environmental conditions of the derived savannah, unless more effective disease control strategies are developed or more resistant varieties are released. The other grain legumes suffered less from diseases and achieved a higher accumulated yield than DP soybean. In Zaria, both DP soybean and grain legumes produced acceptable grain yields. A high plant N content indicated the fixation of substantial amounts of atmospheric N by grain legumes at both sites and by DP soybean in Zaria. Substantial quantities of N and P, and presumably other nutrients, were exported from the field in legume grains (Table 7) , resulting in a net aboveground N accumulation close to zero or slightly negative in these legumes. This export of nutrients may have been responsible for the modest yield of maize after grain legumes that was observed in Ibadan in and in Zaria in 2004 (Table 5) , and also for the low soil Kjeldahl-N and Bray-I P values in Ibadan (Table 10 ) and the low maize N and P concentration and uptake in Zaria in the grain legumes treatment (Table 9) .
In Zaria, the combined yield of the grain legumes and the partitioning of aboveground biomass, N and P over grain and foliage were similar to that of DP soybean (Fig 2b; Table 7 ), and the grain legume did not exhibit a higher harvest index. Virtually all aboveground residues and N and P remaining in the field after the harvest of DP soybean and grain legumes disappeared over the 2003-2004 dry season in Zaria (Tables 6 and 7 ). Although some biomass may have decomposed within the plot, most of the biomass and its associated nutrients were probably lost through wind and termite activity. When DP soybean foliage was used for cattle feeding, C, N and P were returned to the field in the form of manure at the subsequent maize planting (Table 8 ). The use of residues for animal feed and its associated manure production may thus be considered as a technology to preserve biomass and nutrients over the dry season that would be lost if left in the field, while at the same time yielding animal products for additional income. This is particularly important in areas such as the northern Guinea savannah where dry seasons last long and the grazing pressure by free-roaming animals is high. The yield of maize after the DP soybean rotation was higher than that of maize after the grain legumes rotation (Table 5) , partly reflecting the greater recycling of nutrients in DP legumes. Ogoke et al. (2002) also noted that C input to soil by soybean in cereal-based systems without livestock is minimal in the northern Guinea savannah.
In Zaria, the yield of maize after the DP soybean rotation was high compared to that in other rotations, especially at the beginning of the trial. It remains unclear why the mean yield of maize after the DP soybean rotation was, for example, higher than that of maize after the S. guianensis rotation, as the latter is a legume that achieved a far greater biomass and N accumulation than DP soybean. In the S. guianensis treatment, a high input of manure and plant material may have resulted in a temporary immobilization of soil N, while modest applications of manure and little post-harvest plant biomass production in plots of DP soybeans may have resulted in less N immobilization. Consequently, N release may have been more in synchrony with crop demand in the DP soybean treatment at the beginning of the trial, leading to higher yields. A large proportion of the DP soybean N was also found belowground in the roots and rhizodeposits, which was equivalent to more than 30 kg N ha -1 (Laberge et al. in preparation) . This belowground N may have been readily available to maize and could also be an explanatory mechanism for the high yield of maize following DP soybean.
The ranking of legume technologies and fallow in terms of their effectiveness for improving soil fertility and increasing cereal yield as stated in our hypothesis-green manure legume [ forage legume [ DP legume [ grain legume [ natural fallow-more or less reflects the order of plant N content of the legume and fallow vegetation remaining in the field at the start of the dry season (Table 7) plus the N applied as manure (Table 8 ). The impact of the rotations on maize production cannot be explained simply based on their aboveground N content. A greater understanding of the belowground N contribution of legumes and of soil N dynamics following residues and manure applications is needed to fully grasp the impact of these rotations on N availability to cereals. More effort should also be directed to determining the other factors that explain yield differences between rotations, in particular the dynamics of nutrients other than N and the other rotational effects of legumes, such as the impact on pest and diseases.
